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ANODIC OXIDATION QF HYDROCARBONS 

M. L. S a v i t z ,  R. L. Januszeski  
G. R. Frysinger  

U. S. Amy Engineer Research and Development Labora tor ies  
Fort  Belvoir ,  Vi rg in ia  22060 

The anodic oxida t ion  of hydrocarbons is of p a r t i c u l a r  i n t e r e s t  
f o r  d i r e c t  generat ion of e l e c t r i c a l  power from a l i q u i d  f u e l  i n  a 
f u e l  c e l l .  The U. S. Amy Engineer Research and Development Labora- 
t o r i e s  (USAERDL) a r e  engaged i n  a program i n  combination with i n d u s t r i a l  
and u n i v e r s i t y  workers t o  b e t t e r  understand t h e  mechanism by which 
hydrocarbons r e a c t  a t  f u e l  c e l l  e lec t rodes .  Grubb (1) has  examined t h e  
oxidat ion of hydrocarbons from methane t o  hexadecane as a func t ion  of 
chain length ,  s t r u c t u r e ,  and unsa tura t ion  i n  Neidrach-Alfred e l e c t r o d e s  
( 2 )  i n  phosphoric acid e l e c t r o l y t e  a t  150'C. Saturated hydrocarbons 
were most a c t i v e  with unsa tura ted ,  branched and c y c l i c  compounds less 
ac t ive .  

The u l t imate  p o t e n t i a l  of f u e l  c e l l  power suppl ies  i s  r e l a t e d  t o  
the performance which can be achieved a t  an e l e c t r o d e  sur face .  
Reaction paths  and the rate l i m i t i n g  s t e p s  m u s t  be understood f o r  
a l i p h a t i c s ,  o l e f i n s ,  aromatics ,  and oxygenated compounds i f  v e r s a t i l e  
h lec t rode  s t r u c t u r e s  are t o  be devised. Current ly ,  s e v e r a l  i n v e s t i -  
gat ions a r e  being performed t o  determine t h e  mechanism o f  anodic  
oxidat ion of hydrocarbons i n  ac id  s o l u t i o n  - some of  t h e  r e s u l t s  t o  
b e  reported i n  o ther  papers a t  t h i s  symposium. 

Inves t iga t ions  of t h e  mechanism of anodic oxida t ion  of octane 
i n  concentrated H3P04 a t  130 and 15OoC have been i n i t i a t e d  i n  our  
laboratory and prel iminary r e s u l t s  a r e  presented.  

Experimental 

A s tandard t h r e e  compartment e lectrochemical  c e l l  (3) was used 
f o r  oxidat ion and adsorpt ion s t u d i e s .  The working e lec t rode  was 
e i t h e r  a plat inized-plat inum e l e c t r o d e  o r  b r i g h t  platinum e l e c t r o d e  
of thermocouple grade platinum. Both e l e c t r o d e s  had geometric a rea  
of 0.5 cm2. The b r i g h t  e l e c t r o d e  was f lame-treated before  each 
experiment t o  minimize change of e l e c t r o d e  a rea  i n  concentrated 
H3P04 a t  high temperatures  (4) .  The re ference  e l e c t r o d e  cons is ted  
of a p l a t i n i z e d  platinum e l e c t r o d e  which was ca thodica l ly  polar ized  
with he lp  of another  p l a t i n i z e d  platinum e l e c t r o d e  i n  t h e  same 
compartment a s  descr ibed by Giner (5). The counter  e l e c t r o d e  w a s  
of p l a t i n i z e d  platinum maintained i n  an argon atmosphere, To remove 
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i m p u r i t i e s  from the R3P04 it w a s  necessary t o  r e f l u x  it with 30% I3202 
s o l u t i o n  f o r  24 hours and d i s t i l l  o f f  l a t e r  u n t i l  t h e  des i red  a c i d  
concent ra t ion  was obtained.  Chromatographic grade octane (99+ mole %) 
was i n j e c t e d  i n t o  t h e  working compartment with a syr inge ,  and constant  
composition w a s  maintained by bubbling argon through a p r e s a t u r a t o r  
containing octane a t  a temperature  s l i g h t l y  lower than i ts  b o i l i n g  point .  

I n  order  t o  o b t a i n  a reproducib le  sur face  f o r  adsorp t ion  s t u d i e s ,  
t h e  e l e c t r o d e  was p r e t r e a t e d  with a series o f  p o t e n t i a l  s t e p s  and then 
maintained a t  a f ixed  p o t e n t i a l  f o r  varying t i m e s  before  examining t h e  
s u r f a c e  s ta te  of t h e  e l e c t r o d e  with an anodic o r  cathodic  pulse .  / 

E s s e n t i a l l y  t h e  e l e c t r o d e  was h e l d  a t  1.35 V f o r  1 minute - t h e  l as t  
30 seconds without s t i r r i n g ,  a t  0.1 V f o r  30 msec. and then a t  a f ixed  
p o t e n t i a l  f o r  from 10 msec t o  10 minutes before  applying t h e  t r a n s i e n t  
pu lse  (4) .  Figure 1 i n d i c a t e s  t h e  c i r c u i t  f o r  t h e  programmed e l e c t r o d e  
pretreatment .  F i r s t  t h e  1.35 V (Vi) i s  appl ied t o  t h e  c e l l  by adding 
onto t h e  i n t e r n a l  pre-set  p o t e n t i o s t a t i c  vo l tage  (V3). Tr igger  C i r c u i t  
Number 1, manually operated,  then a c t i v a t e s  a ramp genera tor ;  t h e  
Hg-wetted relay number 1 opens switch 1 A  and c l o s e s  1 B  and obta ins  
0 .1  V (V2). 
r e l a y  switch 2A and c l o s i n g  2B, r e t u r n i n g  t h e  ce l l  t o  V3 f o r  from 10 
msec t o  10 sec before  SCR c i r c u i t  number 2 f i r e s ,  a c t i v a t i n g  Hg-wetted I 

r e l a y  3, c l o s i n g  switch 3 and f i r i n g  t h e  constant  cur ren t .  Manual 
opera t ion  of t h e  g a l v a n o s t a t i c  r e l a y  w a s  employed where t i m e s  a t  V3 
exceeded 10 seconds. Figure 2 shows t h e  p o s i t i o n  of t h e  programmed 
c i r c u i t  i n  r e l a t i o n  t o  t h e  p o t e n t i o s t a t i c  input .  

Resul t s  and Discussion 

IF 

16 
f After  30 msec, SCR c i r c u i t  number 1 is a c t i v a t e d ,  opening 

The adsorp t ion  o f  o c t a n e  has  been s tudied  a t  13OOC i n  85% H3P04 
wi th  anodic and ca thodic  g a l v a n o s t a t i c  charging curves. Brummer has  
found t h a t  anodic charging g ives  a r e l i a b l e  es t imate  of t h e  amount of 
ox id izable  m a t e r i a l  adsorbed on the e l e c t r o d e  f o r  propane i n  H3P04 
from 80-130°C (4). 
i r r e v e r s i b l y  adsorbed on t h e  e l e c t r o d e ,  ca thodic  charging curves a r e  
a l s o  needed. 

I n  o r d e r  t o  know about t h e  amount of spec ies  

I n  t h e  octane s t u d i e s  a t  130°C on b r i g h t  platinum t h e  measurement 
of  t h e  d i f fe rence  between QsSEane and QZ3gon with anodic charging 
curves  and QH from ca thodic  charging curves with and without octane 
was found t o  be r e l a t i v e 1 3  independent of c u r r e n t  d e n s i t y  from 540 
microamp/cm2 t o  150 ma/cm . A cur ren t  dens i ty  of  45 ma/cm2 was chosen 

I 
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f o r  t h e  measurements. 
130” on br ight  P t  i n  85% H PO 
p o t e n t i a l s  is shown i n  Figure 3. 
e lec t rode  i n  H3P04 under a r  on has  been subt rac ted  from t h e  charge obtained 
with octane.  I n i t i a l l y  Qi2iane increases  l i n e a r l y  with square root  of time 
independent of p o t e n t i a l  from 0 .1  t o  0.5 V. This i n d i c a t e s  t h a t  adsorpt ion 
is i n i t i a l l y  l i m i t e d  by d i f f u s i o n  of t h e  reac tan t  i n  s o l u t i o n .  The adsorpt ion 
appears d i f f u s i o n  cont ro l led  f o r  about 3 sec a t  0.2 V ,  2 s e c  a t  0.3 V,  1 sec 
a t  0 .1  and 0.4 V ,  and 500 msec a t  0.5 V. The rate then decreases  and t h e  con- 
c e n t r a t i o n  of adsorbed spec ies  reaches a constant  maximum value i n  about 30 
seconds. The value i s  maintained f o r  a t  l e a s t  10 minutes except a t  0 .1  V 
where t h e  charge begins t o  decrease a f t e r  2 minutes. The maximum amount of 
adsorpt ion appears a t  0.2  and 0.3 V.  There is  much less adsorpt ion a t  0.6 V, 
and a t  0 . 7  V the adsorp t ion  with octane is  only n e g l i g i b l y  d i f fe r775  from t h a t  
under argon. From F ‘  ure  3 the  i n i t i a l  s lope of t h e  vs Tads i s  2.88 
x Since t h e  e lec t rode  had a roughness f a c t o r  of 1 . 2 4 ,  
the i n i t i a l  s lope i s  3.58 x coul/geom cm2/sec1/2. The d i f f u s i o n  constant  
D octane can be ca lcu la ted  from t h e  equat ion (6): 

Qads = 2nF D112 

A p l o t  of the  charge QZ:kane from anodic charging a t  
with t h e  t i m e  of adsorpt ion a t  var ious  3 4  

The charge occurr ing from oxida t ion  of t h e  

coul/cm2/sec1”. 

octane -1/2 c ,1/2 

where n i s  the  number of e l e c t r o n s  re leased  i n  t h e  oxida t ion  of adsorbed 
spec ies  which f o r  t h e  complete oxida t ion  of  octane t o  CO would be 50, F i s  
Faraday number, C is  t h e  concentrat ion of  octane i n  mole?cm3. 
6 .72  x 
d i f f u s i o n  constant f o r  octane is  found t o  be 9.6 x cm2/sec. This  value 
appears high i n  t h a t  t h e  d i f f u s i o n  c o e f f i c i e n t  found f o r  d i f f u s i o n  i n  a l i q u i d  
i s  usua l ly  from 0.5 t o  4 x 
5 x cm2/sec. 
r a t e  of d i f fus ion  r a t h e r  than f a s t e r .  An increase  i n  carbon chain length  
normally causes a decrease i n  d i f fus ion  constant  e .g .  e thanol ,  1 . 2 8  x 
cm2/sec, n-propanol 1.1 x lo-’ cm2/sec, n-butanol .96 x 10-5 cm2/sec, (9) .  

One poss ib le  explanat ion f o r  t h i s  would be t h a t  very l i t t l e  octane is 
being oxidized o r  i s  being only p a r t i a l l y  oxidized a t  13OoC and n i s  less 
than 50. Current-potent ia l  s t u d i e s  of t h e  oxidat ion of octane a t  constant  
p o t e n t i a l  on a b r i g h t  P t  e l e c t r o d e  a t  13OoC yie lded  only a few microamp/cm 
of  cur ren t .  With a p l a t i n i z e d  platinum e lec t rode ,  with a roughness f a c t o r  of 
500, only 60 microamp/geom. cm2 of cur ren t  were obtained. Other s t u d i e s  have 
shown t h e  oxidat ion of octane a t  1 5 O o C  i n  Teflon bonded cells t o  b e  only 1 / 5  
t h a t  of propane (1). Since octane with 8 carbon atoms is a hydrocarbon even 
more complex than propane the  formation of any in te rmedia te  might cause 
decomposition of octane i n t o  smaller  s a t u r a t e d ,  unsaturated,  o r  c y c l i c  compounds 
and/or oxygenated spec ies .  Since octane a t  13OoC is only 4°C above i t s  b o i l i n g  
p o i n t ,  t h e  assumed concentrat ion value used i n  t h e  d i f f u s i o n  c a l c u l a t i o n  might 
not be accurate  f o r  t h e  length of the  experiment. However, a s  long a s  an octane 
p r e s a t u r a t o r  was used during a run, t h e  da ta  recorded at  the  beginning was 
reproducible  over t h e  elapsed t i m e  span of an experiment. 

Using 
moles/cm3 f o r  the concentrat ion of octane at  13OoC (7), the  

cm2/sec (8) .  Brummer (4) r e p o r t s  D i 2 g p a n e  of 
Octane would be expected t o  have a l o w e r  value t u s  a slower 

2 

The r e s u l t s  were 



-208 -  

reproducible  i n  t h r e e  d i f f e r e n t  experiments wi th in  10%. 

The above Roints  a r e  be ing  inves t iga ted  f u r t h e r  a t  130°C and experi- 
ments a r e  being extended t o  150°C where a g r e a t e r  ex ten t  of octane oxidat ion 
i s  expected. 

Figure 4 gives t h e  v a r i a t i o n  of anodic charge of octane with time of-- 
adsorpt ion f o r  p la t in ized-p la t inum under condi t ions similar t o  those of br ight  
platinum. A s t r a i g h t  l i n e  is  obtained but t h e  r a t e  of d i f f u s i o n  a p p e a r s  more 
p o t e n t i a l  dependent and i s  r a t e  c o n t r o l l i n g  f o r  a longer  per iod o f  time. A t  
0.2 and 0.3 V adsorpt ion appears  d i f f u s i o n  cont ro l led  f o r  60 s e c ,  a t  0.4 f o r  
80 sec  and a t  0.5 V 120 s e c .  I n  t h e  case of t h e  b r i g h t  platinum, the  rate 
deviated from d i f f u s i o n  e a r l i e r  a t  more anodic p o t e n t i a l s  (0.5 and 0.4)  whereas 
h e r e  the  lower p o t e n t i a l s  d e v i a t e  earlier. Maximum adsorpt ion,  however, is  
s t i l l  obtained a t  0.2 and 0 .3  V. 

Cathodic charging curves were obtained t o  give an i n d i c a t i o n  of t h e  
amount of i r r e v e r s i b l y  adsorbed m a t e r i a l  on t h e  e lec t rode .  The e lec t rode  
was p r e t r e a t e d  as f o r  t h e  anodic  charging curves and again held a t  a f ixed 
p o t e n t i a l  f o r  from 10 msec t o  10 minutes. For p o t e n t i a l s  below 0.4 V ,  a 
p o t e n t i a l  s t e p  at 0.5 V was s u b s t i t u t e d  f o r  0 .1  V (V ) and was appl ied f o r  
10 msec a f t e r  the f i x e d  p o t e n t i a l  (V3) i n s t e a d  of bezore as V2 was. This s t e p  
removed any H atoms which might have accumulated on t h e  e lec t rode  sur face  ( 4 ) .  

From t h e  cathodic  p u l s e  t h e  degree of coverage E+, equal  t o  t h e  r a t i o  of 
t h e  H atom charge Qactane t o  maximum value Qirgon a t  t h e  same temperatuce can 
be obtained.  A measure of  t h e  f r a c t i o n  of s u r f a c e  covered by adsorbed hydro- 
carbon i s  obtained from 1 - GCtane (10). The v a r i a t i o n  of Mctane on b t i g h t  
platinum i n  85% H PO 
qCtane decreases  l i n e a r l y  with 
l i m i t e d  by d i f f u s i o n  i n  t h e  s o l u t i o n .  The r a t e  appears more p o t e n t i a l  dependent 
than  t h a t  from anodic charging curves and l i n e a r i t y  p e r s i s t s  f o r  longer  times 
than in t h e  cathodic  charging - 7 seconds a t  0.2 V and 0.4 V , 1 1  seconds at  
0 . 3  V and 0.5 V. 
curves, taken a f t e r  2 minutes ,  a t  which poin t  Q, i s  cons tan t ,  occurs a t  0.2 V 
which corresponds t o  t h e  anodic  charging curve r e s u l t s .  Using t h e  r e s u l t s  
obtained with anodic charging t h e  number of P t  s i t e s  occupied by adsorbed 
organic  can be determined. 

at 1 3 O o C  with t i m e  of  adsorpt ion is  shown i n  Figure 5. 
i n d i c a t i n g  t h a t  adsorpt ion is i n i t i a l l y  3 .4 

The maximum degree of coverage (1 - qctane)  from cathodic  

The observed rate o f  accumulation of adsorbed organic  spec ies  from 
Figure 3 was 2.88 x 
3.58 x 1013 molecules/cm2/seclS2 i f  n is 50. 
of P t  o r  2.10 x 
corresponds t o  about 0.03 oH130/se:1/2 i f  t h e  adsorpt ion of a oc tan  
involves  only 1 P t  atom f o r  adsorpt ion and would be  0.24 O H ~ ~ ~ / S ~ ~ ~ ' ~  f o r  
8 s i t e s .  From Figure 5, it appears t h a t  8 s i t e  adsorpt ion i s  occurr ing a t  
0.2 V,  6 s i t e  at 0 . 3  and 0.4 V ,  and 3 s i t e  a t  0.5 V. These r e s u l t s  d i f f e r  
from propane where 1 s i t e  adsorp t ion  has been found t o  occur a t  0.2 V and 
3 s i t e  adsorpt ion a t  p o t e n t i a l s  g r e a t e r  than 0.3 V ( 4 ) .  
are t e n t a t i v e  and the  a d d i t i o n a l  information mentioned e a r l i e r  which w i l l  
be obtained may c l a r i f y  some of t h e  d i f fe rences .  

coul /  m2/sec1/2. This  would be equiva len t  t o  
Since 1 .3  x 1015 atoms/cm2 

coul/cm2 corresponds t o  a monolayer of H (10) , t h i s  
molecule 

The octane r e s u l t s  

/ 

I 
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